Abstract Precipitation and discharge have been measured for several years in two small forested catchments located in the Mediterranean area of Spain. Actual évapotranspiration has been calculated as the difference between annual precipitation and discharge. Results show that: (a) most of the precipitation is evaporated rather than lost by streamflow, even in the most humid years; (b) there is a high inter-annual variability both in discharge and évapotranspiration; and (c) annual évapotranspira-tion correlates significantly with annual precipitation, in contrast to the constancy of annual evaporation in catchments of wet, colder climates. Finally, a simple expression is proposed in order to calculate annual actual evaporation from the ratio of precipitation to potential évapotranspiration. This expression uses a derived exponent, k, which takes into account the characteristics of individual catchments.
INTRODUCTION
Arid and semiarid areas have some hydrological features that make the modelling of rainfall-runoff processes difficult (Pilgrim et al, 1988) . The acute scarcity of precipitation and streamflow data, and the great rainfall variability, are quoted as some of the problems. However, in an exhaustive review of data on catchment water budgets, concentrating on the effects of changes in vegetation cover (Bosch & Hewlett, 1982) , only 10% of the catchments experience annual precipitation below 600 mm.
The true Mediterranean countries, as described by Aschmann (1973) , can be considered semiarid or sub-humid according to the criteria established by Bailey (1958) . In the western Mediterranean basin, the holm oak forest is considered to be adapted to summer water stress. Most of the dominant species of this forest show a drought avoidance strategy, viz. deep rooting, foliar sclerophylly and stomatal control of water loss. Its distribution area includes countries classified as semiarid, sub-humid and humid by the pluviothermic index proposed by Emberger (1952) (Debazac, 1983) . Different examples of plant stress behaviour have been compiled by Tenhunen et al. (1987) and data on hydrological stress in holm oak have been recently collected in the study area (Sala et al, 1990 ). It appears that Roberts' (1983) hypothesis, that soil moisture levels rarely limit transpiration in field grown trees, does not hold in this climatic environment.
The range of the holm oak forest is constrained by aridity, and in the driest areas the holm oak forest gives way to different kinds of shrubby vegetation. The hydrology of this kind of forest is little known. The variability of precipitation distribution within and between years is one of the specific characteristics of the Mediterranean climate that makes runoff less predictable. This evergreen forest often has to endure alternate wet and dry years, with rainfall amounts differing by as much as a factor of two between the two extremes. The holm oak forest has a very wide geographical distribution in the Mediterranean region and grows in a variety of soils and lithologies, including catchments with significant aquifer storage. Nevertheless, human activity has in practice restricted holm oak forests to mountainous areas.
The increase in water consumption by the population of the Spanish Mediterranean coast for agriculture, tourism and industry has affected groundwater levels and quality. Surprisingly, only one experimental measurement of évapotranspiration (E A ) from catchments has been reported to date (Avila & Roda, 1988) , and that only for a single year. Empirical expressions are commonly used for the estimation of the aquifer recharge and modelling. These expressions assume that there is little variation of E A between years and neglect the potential importance of the forest in partitioning precipitation (P) between runoff (Q) and E A .
The first objective herein is to report the first series of E , measure-ments in Spain using the microcatchment water budget method. The series extends to seven hydrological years in one of the catchments, including a two-year classical paired catchment experiment aiming at an accurate calibration. A second objective is the derivation of a simple general expression for the prediction of Q and E A , given P and the potential évapotranspiration (E T ), that can also consider differences between catchments and can then be applied to nearby ungauged catchments, provided P and E T are known. This study is part of a research project on the ecology of the holm oak forest. Water fluxes have been considered as a major aspect of vegetation growth and sustainability as well as a vector for nutrient transport to and across the ecosystem.
SITE DESCRIPTION
The experimental site is located in Muntanyes de Prades (Catalonia) (Fig. 1) where four catchments are now being monitored. L'Avic and La Teula are the paired catchments under observation. The former has been monitored since October 1981, and rainfall and streamflow measurements began on the latter in July 1986. The most relevant characteristics of topography and vegetation cover (nearly 100%) of both catchments are summarized in Table 1 .
The bedrock consist of paleozoic slates and some metamorphic sandstones with microconglomerates. Water loss due to depth seepage can be considered negligible in this type of geological substratum. The soil is a xerochrept, and can be considered relatively homogeneous throughout both catchments, with only slight differences due to altitude. Soil depths range between 150 and 1500 mm.
TEULA
The climate is typically Mediterranean with a marked summer drought and two precipitation maxima in spring and in autumn. At the weather station of Riudabella (3.5 km northeast of the experimental site) the mean annual precipitation in the last 33 years has been 658 mm and the average annual temperature 13.8°C. Data from a Piché evaporimeter are also available for a period of 13 years from the weather station located at the Monastery of Poblet (7 km northeast of the study area). Both weather stations are operated by the Spanish Instituto Nacional de Meteorologfa. Figure 2 shows a graph of the within-year distribution of precipitation at Riudabella and of Piché evaporation at the Monastery of Poblet. at Riudabella and of Piché evaporation (taken as potential évapo-transpiration, E T , in this paper) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) at the Monastery of Poblet.
Fig. 2 Monthly distribution of precipitation (P)

METHODS
Streamflow is continuously recorded at a gauging station at each catchment outlet. In both sites, a dam has been built anchored to the bedrock. The weirs are HS-flumes. A rating curve relating water height and discharge has been derived for each catchment from volumetric gaugings.
Precipitation is also continuously recorded with two tipping-bucket raingauges located in forest gaps near catchment outlets (see Fig. 1 ). Areal catchment rainfall has been estimated as the arithmetic mean of the two raingauges (close examination of both daily precipitation records has shown that they are not statistically different, using a paired r-test, p > 0.05). In a previous study, Bellot (1989) has shown that rainfall does not vary significantly with altitude in this area. Snowfall is unimportant in these catchments (less than 5% of the total precipitation).
Actual évapotranspiration (E A ) has been calculated as the difference between annual values of precipitation (P) and discharge (Q). This method assumes that deep losses of water are negligible and that the soil water content is identical at the beginning and at the end of the hydrological year (1 October and 30 September). With respect to the first assumption, a geological survey carried out through the catchments has shown that all the types of bedrock present in the catchments are impermeable, and that there is no evidence of significant faulting in the catchments. The second assumption is difficult to confirm due to the lack of soil moisture data. Nevertheless, alternative hydrological year definitions have been considered, even between moments with identical discharge separated by a period of roughly a year, but the results obtained do not change any of the conclusions of the work. Consequently, the most standard definition of the water year in the northern hemisphere has been adopted. Table 2 shows annual values for P, Q, E T and the corresponding E A for seven hydrological years at L'Avic catchment and for two years at La Teula catchment. On average, at L'Avic, 8% of annual precipitation becomes streamflow and the remaining 92% evaporates, assuming no water losses into the bedrock. Over the period of simultaneous observations for both catchments the corresponding percentages are 7 and 93% in L'Avic and 14 and 86% in La Teula. Figures for water partition are very similar to others reported in Mediterranean climates. In California, Lewis (1968) calculated runoff percentages of 8%, 19% and 25% for three catchments. Burch et al. (1987) in Victoria estimated a stream water loss of 14.5% of P. In colder, wetter countries, the distributions of precipitation are very different: absolute values and percentages of runoff volumes are higher, as can be seen, for example, in Likens et al. (1977) and Hudson (1988) .
RESULTS AND DISCUSSION
Annual variability of Q and E A values for L'Avic is high. Estimates of Q range from 9 to 99 mm, and of E A from 383 to 643 mm, which are similar to ranges of variability quoted by Lewis (1968) and Burch et al. (1987) . In contrast, E A is reported as very constant in the Hubbard Brook experimental station (Likens et al, 1977) . 1981 -1982 1982 -1984 1984 -1985 1985 -1986 1986 Average: 1981 1986 
Hydrological comparison between L'Avic and La Teula
Streamflow volumes at La Teula are greater than those corresponding to L'Avic in the two years of simultaneous recording. The difference cannot be attributed to orientation, lithology or vegetation cover (see Table 1 ). It seems probable that this dissimilar hydrological behaviour can be explained by differences in soil storage capacity between the two catchments, especially as the deeper soils are at lower altitudes and the gauging station at La Teula has a higher location. Figure 3 shows the hydrographs of both catchments for April 1988. A precipitation total of 68 mm was collected on 3 April and the hydrological response from La Teula was a flow increase from 0.4 1 s" 1 to 11.4 1 s" 1 . At LAvic the increase was only from 0.5 1 s" 1 to 2.1 1 s" 1 . Previously, the soils were very dry because in the two previous months the total rainfall amounted to only 4.5 mm. Two days later a precipitation of 45 mm resulted in a more equal response at the outflows of the two catchments: from 8.4 to 42.7 1 s' 1 in La Teula and from 2.7 to 25.7 1 s' 1 at LAvic. Although the differences between the absolute runoff values in both catchments are important, the percentages of the corresponding E A estimated differ by only 6% and 8% respectively for the two years simultaneously monitored. 
Annual variation in runoff and actual evaporation and their dependence on precipitation
Fig. 3 Streamflow and precipitation for L'Avic and La Teula catchments for April 1988.
L'Avic. The regression line, the corresponding correlation coefficient and its significance level are shown in Table 3 . It can be seen that E A increases with P while there is no significant correlation between Q and P. This situation is the opposite to that occuring in wetter, colder countries, as exemplified by the case of Hubbard Brook (Likens et ah, 1977) where Q is linearly dependent on P, and E A can be considered as constant (Fig. 4(b) ). The difference in behaviour can be explained by the relative magnitude of precipitation and potential évapotranspiration (E T ). When precipitation is much greater than E T , as is the case of Hubbard Brook, the evaporative demand can be totally satisfied and the remaining water becomes streamflow. In contrast, when rainfall is lower than E T , which is the case at Muntanyes de Prades, then the water supply in the wetter years is still not enough to satisfy the transpiration and evaporation possible in this climate. As a consequence, runoff is more dependent on the rainfall distribution in time than on the annual volume. For instance, the hydrological year 1982-1983 exhibits the maximum runoff (99 mm) but not the highest precipitation. A major part of the streamflow losses (75 mm) occurred during two wet months (185 mm rain in October and 151 mm in November). During the wettest year (1987) (1988) ) the precipitation was more evenly distributed and the runoff was lower than in the year previously mentioned. If the same relationships are derived for different catchments around the world, intermediate situations can be found between those quoted for Prades 
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Fig. 4 Annual values of Q and E A vs P in (a) L'Avic and (b)
Hubbard Brook (data from Likens et al., 1977) .
and Hubbard Brook. The slopes for linear regressions of runoff on precipitation range between 0 (the runoff is not dependent on precipitation) and 1 (all the runoff variation can be attributed to precipitation). In Table 3 the regressions for a selected group of catchments are shown, arranged according to values for regression slopes of Q on P. In the two first catchments the linear regressions of Q on P are not significant. In the last four catchments the linear regressions of E A on P are not significant. Catchments in the middle part of the table have intermediate characteristics between the extremes. Average annual precipitation totals are also shown in Table 3 . The values appear to exhibit a certain, but not very strong, increasing order. If the precipitation amount is weighted by E T (where these data appear) the increasing order is better defined. For example, the catchment studied by Prebble & Stirk (1988) in Queensland has the lowest slope for its Q on P regression. Although its annual rainfall is not the lowest, its ratio PIE T is the smallest. Too little E T data are available to characterize the high rainfall catchments.
It is usual to base the empirical expression for the prediction of E A on E T The classical formulae of Turc (1954) and Budyko (1974) and the more recent formula of Hsuen-Chun (1988) all include this parameter. However, none of those expressions would predict differences in E A or Q between L'Avic and La Teula, as their substrata, vegetation, precipitation and E T are very similar, and differences in the water partition are not taken into consideration.
The expressions for the prediction of E A are generally more accurate when they are applied to basins of medium or large size. Budyko (1974) considered his function better suited to large catchments than to microcatchments. It can be expected that the variability of the hydrological response will decrease as the catchment size increases (Wood et al, 1988) In seeking an expression for predicting Q and E A from P and E T that can also account for the differences between paired catchments, the expression proposed by Hsuen-Chun (1988) can be considered as the first step. This equation, based on a second order hyperbola, was used successfully to predict E A values for a group of catchments in China. It can be generalized as follows:
Defining p = P/E T ; q = QIE T ; e A = E A /E T ; and multiplying equation (1) by E k r gives:
l/e k A -1 = 1/p* so that:
and, given that/» = q + e A ,
The parameter k is unique for each catchment, and it is possible to make different predictions of Q and E A for catchments that are very close in space but have different catchment characteristics.
In Fig. 5 e A vs p and q vs p relationships for L'Avic and Hubbard Brook catchments are presented together with curves derived from equations (2) and (3) using relevant k values. The forms of these functions explain some of the variation in the Q vs P and E A vs P relationships of the different catchments appearing in Table 3 and Fig. 4 . The fact that L'Avic and Hubbard Brook data both fitted the curves reasonably well seems to provide experimental support for the form of equations (2) and (3).
Equation (2) with k = 2 is equivalent to the modification of the Turc equation made by Pike (1964) (quoted in Lewis (1968) ), and is also similar, with a value for k of around 2.1, to the Budyko equation. Prior to the application of the proposed expression, it is necessary to fix a suitable k value for each catchment to empirical data. Using the program BMDPAR (Dixon, 1983) , k values have been estimated, for seven catchments, considering annual E T as different but constant for each catchment. Some caution is necessary in the comparison because the E T values are calculated in different ways (see Table 3 ).
The fitted values of k appearing in Table 4 seem to have some physical significance. For instance, catchments A and C in Lewis (1968) are very similar in their hydrology and also have a very similar k value. Similarly, Lewis's catchment B, the catchment studied by Prebble & Stirk (1988) and L'Avic, all exhibiting a similar streamflow percentage (8%, 7% and 8% respectively), also have similar k values. Likens et al. (1977) .
The fitting of experimental values with equations (2) and (3) is equal or less good than that obtained with a linear regression. Probably a better fit is possible if a different E T value is used for each year. Though the fitting of equation (2) to experimental data is slightly less good in average years than by the linear regression, prediction can be better for unusual years, for example very dry years in wet countries or very rainy years in the drier ones.
The physical significance of k seems to be related to the factors controlling the partition of P into the fluxes Q and E A As can be seen in Table 4 , catchments with lower QIP ratios have a greater k value. In the case of La Teula and L'Avic this is probably due to the difference in the storage capacity of their soils that makes possible higher rates ofE A from L'Avic than from La Teula.
Another catchment characteristic that can affect the k value is the different rates of transpiration and evaporation from various types of vegetation cover. Following the clear-felling of catchment C, reported by Lewis, k decreased from 1.51 with forest cover to 1.03 in the resulting grassland, as a consequence of reducing interception and transpiration rates. The loss of the foliar index and exploratory root capacity, especially in deep soil, are the two Lewis (1968) Lewis (1968) Lewis (1968) Lewis (1968) Prebble & Stirk (1988) Likens et al. (1977) main structural changes accompanying the shift from forest to grassland that can affect the distribution of water between the two fluxes.
A third factor, probably incorporated empirically into k, is the variability in the rainfall distribution throughout the year. In areas lacking a seasonal distribution of precipitation, greater values for k can be expected than in areas, for example the Mediterranean climate, with a marked seasonal distribution of rainfall. 
CONCLUSIONS
Data presented in this paper permit the conclusion that, in Mediterranean areas where E T is greater than P, the main hydrological flux is E A which is more or less dominated by the transpiration component, which in turn is controlled by the foliar index of the vegetation cover. The interannual variability of P is reflected in E A rather than in Q, and in these conditions, species like the holm oak have adapted to a wide range of water availability, being capable of enduring long periods of drought and of showing high transpiration rates when water is abundant, influencing the hydrology at the microcatchment level.
Q also shows great inter-annual variability, which seems to be influenced by the rainfall distribution through time, rather than by the annual amount of P. When P is concentrated in very few rainy events the retention capacity of the catchment soils can be surpassed and the greatest values for Q axe found. The paired experiment is based on two catchments, very similar in bedrock, soil and vegetation. The hydrological characteristics at L'Avic and La Teula are both typical of the general pattern, with a similar E A percentage. However, there are differences in the runoff response to particular events that can provisionally be attributed to differences in soil water retention capability. These differences are reflected in the k parameter of the proposed general expression.
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